Abstract: Concatenated filtering is an important impairment in high-spectral density transmission systems enabled by flexible-grid reconfigurable optical add-drop multiplexers (ROADMs). In this paper, an analytical model for wavelength selective switches (WSS) modules is used to determine the statistical distribution of experimentally measured filter shapes and to obtain the cascaded filter characteristics. A generalized approach for filtering penalty assessment is proposed and verified using a commercial 200G 16-quadrature amplitude modulation (16QAM) transponder and WSS modules. A practical method for filter penalty reduction is described, whereby a single, optimized digital pre-equalization filter is used to compensate filtering effects of multiple concatenated WSSs. This pre-equalization of cascaded ROADM filters is demonstrated with a 100G quadrature phase shift keying (QPSK) C-form factor pluggable (CFP) transponder operating on the 37.5-GHz grid, resulting in a doubling of the number of WSSs, which can be supported per link from three to six.
Introduction
While the current generation of wavelength selective switches (WSSs) is compliant with flexible grid requirements and offers narrow spectral increments of 6.25 GHz to maximize spectral efficiency for 400G or higher superchannel transmission, concatenation of multiple WSS-based reconfigurable optical add-drop multiplexers (ROADMs) can have a severe impact on system performance compared to legacy 100G over 50 GHz grid systems [1] - [3] . So far, cascaded filtering penalties have been quantitatively investigated in terms of the number of concatenated WSSs [4] - [7] or 3 dB bandwidth [4] - [8] for various modulation formats, with different symbol rates and transmission pulse shapes. In such studies, a limited number of WSS shapes is investigated. In a real transmission link, signals may experience a different degree of filtering depending not just on the number of WSS units in the signal path, but depending on different filter shapes corresponding to different WSS designs, or filter shape variation across different ports of a WSS, different wavelengths, or different attenuation settings as well. Thus, it is critical to find an accurate model for an individual WSS shape to enable detailed analysis on different filter shapes, allowing statistical distributions of the filter parameters to be generated, and accurate WSS-induced transmission penalties to be derived.
An analytical filter model derived from the physics of optical beam propagation within the WSS has been demonstrated to yield a better fit compared to the conventional supergaussian model, wherein the bandwidth of the devices optical transfer function and the bandwidth of the aperture are used to describe a WSS shape [9] , [10] . In this work, we use this model to analyze each individual filter shape from different channels, ports and modules of the same WSS design to obtain the statistical distribution of these two aforementioned filter parameters and of the frequency offset. Based on these statistical distributions, simulations are performed to extract the net filter characteristics after the cascade of multiple WSSs. The net filter characteristics are then used in a generalized approach to quantitatively estimate the filtering impact in terms of the OSNR penalty at a reference BER. Specifically, OSNR penalties induced by a Finisar WaveShaper tunable filter loaded with various cascaded filter waveforms are correlated with the OSNR penalties obtained with the cascaded filter bandwidths. Transmission results employing multiple commercial WSS units and a commercial 200G polarization-division multiplexing (PDM)-16 quadrature amplitude modulation (16QAM) transponder are used to verify this relationship experimentally.
It has been shown that filtering penalty constrains the number of ROADM nodes, and hence, the transmission distance in a 37.5 GHz grid network. Various methods have been proposed for mitigating the filtering penalties. For example, the benefit of using a superchannel scheme has been studied [2] , where two or more sub-channels are routed as a group to avoid filtering impairments. As the edge sub-channels only experience partial filtering compared to a single sub-channel routing, the filtering impairments can thus be significantly reduced. Other compensation techniques [11] - [16] , such as optical spectrum pre-emphasis or digital pre-or post-compensation have been studied. Among them, the digital-to-analog converter (DAC) enabled digital pre-equalization is preferable due to its implementation simplicity, accuracy of spectral pre-emphasis, and its performance benefits. While typical spectral pre-compensation requires a dynamic update of preequalization taps to adapt to variations in the routing path, in many practical cases, e.g., a DWDM system with alien wavelengths, the required feedback path from the receiver digital signal processing (DSP) to the transmitter DAC is not available. Therefore, it is desirable to find a generalized pre-equalization filter, which is robust to various routing configurations. In this work, we use a sequence of WSSs with the same filter transmittance to determine a generalized spectral pre-equalization shape for compensating a PDM-quadrature phase shift keying (QPSK) channel transmitted through various number of ROADMs [17] . The resulting performance benefits are verified through real-time measurements, using a commercial CFP 100G PDM-QPSK module [18] , which includes a DAC memory that enables a finite tap length pre-equalization filter implementation.
WSS Filtering Impariment Assessment
Filtering penalty assessments are critical in ROADM enabled flexible grid networks. While it is unrealistic in network design to characterize filtering penalties arising from all possible combinations of concatenated filter shapes, it is crucial to have an accurate spectral model for an individual filter shape to analyze the distribution of filter characteristics among different WSS modules, and thereby gain insight into the potential outcomes of net filter shapes in ROADM networks.
An analytical model has been proposed [9] based on the physical operation of a WSS designed with free-space optics and applicable to multiple switching technologies, e.g. liquid crystal on Silicon (LCoS) and microelectromechanical system (MEMS). Using this model, a single WSS can be accurately described by the bandwidth of the optical transfer function of the device (BW OTF ) and the bandwidth of the aperture (B), as shown in (1) and (2), shown below. Given a measured WSS shape, B is the 6 dB bandwidth while BW OTF can be extracted by taking the derivative of a measured filter spectrum with respect to the frequency [9] . Fig. 1 displays an example for measurement data and the analytical fit.
Using this analytical model, filter shapes of different WSS modules can be statistically analyzed. Fig. 2 shows the data of 1152 filter shapes from different ports and channels of a single 37.5 GHz grid WSS device which is analytically fitted with the statistical distributions. The corresponding B, BW OTF , and frequency offsets show an approximately Gaussian distribution with mean values of 37.4 GHz, 10.6 GHz, and 0.3 GHz, respectively. The statistics of a filter shape can be used to analyze the effect of concatenated filters. Filter shapes which are randomly generated following the distribution in Fig. 2 (a) and (b) are cascaded in simulations. Ten thousand runs are performed to obtain a distribution of net filter 6 dB bandwidth, as shown in Fig. 3(a) . The bandwidth distribution at other specified levels can be obtained in a similar manner. The frequency offset value is assumed to be zero in this case. Then, B and BW OTF are fixed at mean value to study the frequency offset distribution after cascading different number of filters, as shown in Fig. 3(b) . The variance of both the 6 dB bandwidth and the frequency offset reduces with the number of cascaded WSSs. Although the net cascaded filter slope (i.e., sharpness of the edges of the filter transmittance) varies, BW OTF can no longer be used to define the slope because the analytical model only applies to a single WSS. Based on the statistics in Fig. 3 , if there exists a simple correlation between the filtering penalty and a net filter bandwidth and if this correlation is moderately affected by the net cascaded filter slope, then the range of the filtering impairments after transmitting a signal through different number of WSSs can be approximately, yet easily estimated.
In order to establish the correlation between the filtering-induced OSNR degradation and the net filter bandwidth and to evaluate the impact of the net filter slope on this correlation, we study transmission performance subject to net cascaded filter shapes with various bandwidths and slopes. The test signal is generated by a commercial 200G PDM-16QAM transponder with Nyquist root raised cosine roll off 0.2 shaping, 25% FEC and non-differential encoding with a real-time BER measurement. The corresponding symbol rate is 34.17 Gbaud. We first numerically generate 320 net-cascaded filter shapes using individual filters at different B, BW OTF , and frequency offset, and then load the waveforms to a Finisar WaveShaper. Although the measured filter shape deviates from the numerical waveforms, filters with various bandwidth, slope, and frequency offset values are obtained and these measured filter characteristics are used in subsequent analysis. The measured frequency offset is between 0 and 3 GHz. The frequency offset is the signal center frequency based on the 6 dB bandwidth points, measured with respect to the standard ITU grid.
In a second step, the corresponding OSNR penalties of the 320 net-cascaded filter shapes are evaluated versus the filter bandwidths at 0.5 dB, 3 dB and 6 dB. We observe that the net-cascaded filter 6 dB bandwidth shows a better correlation with the OSNR penalty compared to the filter bandwidth at other amplitude levels. The OSNR penalty versus the 6 dB bandwidth at BER of 2 × 10 -2 is illustrated in Fig. 4(a) . In the presence of both frequency offset and filtering slope change, the OSNR penalty at a given 6 dB bandwidth only shows a maximum difference across different slopes and offsets of 0.5 dB at large bandwidths, while the variation is slightly larger at smaller bandwidths. A second order polynomial fitting gives a coefficient of determination of 95.8%, compared to 81.7% and 94.1% for 0.5 dB and 3 dB bandwidth, respectively. We note that OSNR measurement in Fig. 4(a) does not include filtering induced power loss, which is evaluated separately as a function of the filter bandwidth at different levels. In this case, the net filter 3 dB bandwidth better describes the power loss. A second order polynomial fitting delivers a coefficient of determination of 97.8%, compared to 96.6% and 91.5%, corresponding to 0.5 dB and 6 dB bandwidth, respectively.
We further evaluate the filtering penalty and power loss by randomly choosing up to three WSS modules from different vendors and creating transmission paths through different ports set to operate on the 37.5 GHz grid, and then comparing the resulting OSNR penalties to those obtained by the WaveShaper measurements. Both data sets line up well, as shown in Fig. 4 . The few outlier points might be caused by the uncertainties in WSS shape measurement. The OSNR penalty and power loss relations versus the filter bandwidth require recalibration if the transmitted signal spectrum changes. While the tolerable number of concatenated WSSs in a 37.5 GHz flexible grid is limited to only a few WSSs, the number of WSSs traversed in a 50 GHz grid network can exceed twenty, which will create net cascaded filter shapes with sharper slopes. However, hardware limitations in existing tunable filters make it difficult to achieve filter shapes with sharp passband slopes. Thus, the generality of penalty assessment through a single tunable filter for a 50 GHz grid system requires further investigation with large numbers of concatenated WSSs.
Separately, we also evaluate the performance degradation due to frequency offset. This frequency offset denotes the signal frequency shift amount rather than the relative frequency difference between the signal carrier and passband filter center frequency. Three different filter shapes with 6 dB bandwidth of 30 GHz, 34.5 GHz, and 40 GHz are chosen with the corresponding spectra shown in Fig. 5(a) and the OSNR penalty and power loss in Fig. 5(b) and (c), respectively. At 4 GHz frequency offset, the three filter shapes yield maximum OSNR penalty differences relative to the OSNR penalty at zero offset of 2.1 dB, 1.2 dB, and 0.6 dB, respectively. If we only consider the frequency offset at 1 GHz, a realistic value based on our measurements, the OSNR penalty for the three filter shapes drops down to only 0.13 dB, 0.12 dB and 0.06 dB, respectively. The power loss variation versus frequency offset is very small and is negligible within 1 GHz frequency offset range. Therefore, as the frequency offset of the net filter shape becomes less significant for cascaded WSSs, as shown in Fig. 3(b) , its impact on system performance becomes negligible in most cases.
Pre-Equalization Principles and Benefits
The net filter 6 dB bandwidth decreases significantly with an increasing number of WSS modules in the link, as shown in Fig. 3(a) , thereby generating large transmission penalties as indicated in Fig. 4(a) . An extension of the WSS sequence traversed by a given signal type subject to a specific flex-grid bandwidth allocation on the WSSs requires appropriate DSP techniques to mitigate the filtering impact. Several pre-equalization filter design methods are available. This filter shape can be obtained using the frequency response of the receiver adaptive equalizer [12] , [14] or it can be computed from the received spectrum [7] , [13] . The first method is more computationally efficient while the second approach can tolerate more channel estimation noise. However, both algorithms require a feedback path from the receiver DSP to the transmitter DAC. Alternatively, the preequalization filter can be calculated using the WSS shapes [6] , which is the method used in this work. For a particular link, the pre-equalization filter spectrum is obtained by dividing the desired Nyquist shape by the product of the measured transmittance of cascaded WSSs within the symbol rate and the signal spectrum, as shown in Fig. 6 . The pre-equalization filter is then converted to the time domain, quantized, and loaded to the transmitter DAC memory. However, as shown in Fig . 2 , the filter shapes vary in bandwidth, slope, and frequency offset. Ideally, the pre-equalization filter requires updates in a timely manner and needs recalibration after changes in the number of concatenated WSSs or even after changing WSS ports or channels. Here, we evaluate the possibility of using a generalized pre-equalization filter to compensate different filtering impairments. More specifically, a single pre-equalization shape with a fixed 6 dB bandwidth is used to design a preequalization filter and to compensate for the filtering impairments induced by different number of WSSs in a link. Different pre-equalization shapes are evaluated and the optimal shape is identified. We demonstrate the pre-equalization procedure using a commercial CFP 100G PDM-QPSK transponder with real-time BER measurements. The symbol rate is 30.14 Gbaud and the signal deploys 15% FEC with differential encoding. The transmitter DAC memory is first loaded with an impulse function to extract the transmitted signal spectrum. Up to six WSSs are used in the transmission system. The filter parameters B and BW OTF of the individual WSS for the transmission channel and the measured 6 dB bandwidth after each additional WSS in the sequence are shown in Table I . In the design of the pre-equalization filter, a cascade of three identical filters is used. Four cases are studied, in which the 6 dB bandwidth is set to the values 36 GHz, 37 GHz, 39 GHz, or 41 GHz respectively, and the BW OTF is fixed at 11 GHz. The pre-equalization filter is obtained by concatenating three WSSs modules, and the cascaded 6 dB bandwidths are 28.3 GHz, 29.3 GHz, 31.3 GHz, and 33.3 GHz. The resulting pre-equalization shape is converted to the time domain, quantized, and loaded to the CFP DAC memory, as shown in Fig. 7 .
Back-to-back BER versus OSNR results after transmitting the 100G PDM-QPSK signal through different number of WSSs with pre-equalization are plotted in Fig. 8(a) . The OSNR measurement in this case does not consider the power loss due to filtering. Using the default CFP shape, the reference required OSNR at the BER of 10 -2 is 14.0 dB without any WSS in the transmission path. Approximately 0.7 dB and 1 dB OSNR penalty is measured with two and three WSSs in the signal path, and the demodulation fails at four WSS in the transmission path. Therefore, in this particular setup pre-equalization is necessary when extending the transmission distance beyond three WSSs. Theoretically, for an optimal performance, the number of WSSs and WSS shapes used for the pre-equalization filters design should exactly match the actual channel path. However, several drawbacks occur as we maximize the number of WSSs used to pre-compensate the signal. For example, the signal power after modulation becomes lower after pre-equalization for a larger number of WSSs, causing a reduction of the OSNR at the transmitter. Furthermore, as the preequalized signal carries more power in the high frequency band, more signal power is carved out from the original signal spectrum after propagating through WSSs, thereby degrading the OSNR. Hence, it is desirable to use the least number of WSSs to design a pre-equalization filter. In this study, a pre-equalization filter design based on three WSSs is used to compensate the filtering penalty caused by three to six WSSs.
Different pre-equalization design options are compared in Fig. 8(a) . The dashed line is the preequalization reference, where the measured transmittance of the first three WSSs is used to design the pre-equalization filter. The others are designed using three identical cascaded WSS shapes with different net 6 dB bandwidths. The reference curve falls between the curves for B of 36 GHz and 37 GHz curves. For each case, the optimal performance occurs after transmission through a different number of WSSs. This is explained by the increased filtering effect compensated by the pre-equalization for lower filter bandwidth. If the WSS bandwidth in the design is too high, it will lead to inadequate pre-emphasis, which explains the BER failure at six WSSs for B equals 41 GHz. With decrease in bandwidth below the optimum value, the pre-equalization benefit also decreases due to the signal power loss from filtering, as shown in Fig. 8(b) . As the filter shape bandwidth decreases, the power loss becomes more significant due to the enhanced power of the pre-compensated signal at high frequencies. This also explains the results illustrated in Fig. 8(a) where the pre-equalization filter designed with larger bandwidth shows more benefit. Therefore, in general, taking a larger WSS bandwidth into consideration is preferred for pre-equalization for systems where performance is a major concern. A smaller WSS bandwidth is used to maximize number of WSS in the transmission link. 
Conclusion
In this work, we use an analytical model to study the statistical distribution of concatenated filter shapes. The measured OSNR penalty has been found to correlate well with the 6 dB bandwidth for various filter shapes required for a 37.5 GHz grid network, and the filter induced power loss is well described by the 3 dB bandwidth. We have demonstrated compensation of the filtering effect of flexible grid ROADMs operating on the 37.5 GHz grid by implementing pre-equalization in a commercial CFP transponder. Instead of updating the pre-equalization filter for different link configurations, we present a simpler alternative whereby a single pre-equalization filter compensates filtering effects for all realistic cases. This approach has enabled an increase in the number of WSSs supported by the 37.5 GHz spaced 100G QPSK signal from three to six. While the number of WSS in the sequence is still too low to cover all network applications, this enhancement in add/drop functionality does substantially increase the range of applicability of 37.5 GHz-grid DWDM systems in regional networks using broadcast-and-select ROADMs.
